Abstract. Colorectal cancer (CRC) remains a primary contributor to cancer-associated mortality. The Lin28/let-7 axis has previously been verified to participate in numerous pathophysiological processes involved in CRC. However, the potential roles and underlying mechanisms of this axis in apoptosis during CRC remain to be fully elucidated. The present study aimed to evaluate the role and reveal the molecular mechanisms of the Lin28/let-7 axis in the apoptosis of CRC cells. An MTT assay was conducted to assess the cell viability of HCT116 and HT29 CRC cells, and caspase-3 activity was analyzed to measure the apoptosis of CRC cells. Western blotting and reverse transcription-quantitative polymerase chain reaction were performed to examine the expression of Lin28, B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein, Bcl-2-like 1 (BCL2L1) and let-7c. The present study demonstrated that Lin28 was upregulated whereas let-7c was downregulated in CRC tissues and cell lines compared with normal tissues and NCM460 normal colon epithelial cells, respectively. Forced overexpression of let-7c promoted apoptosis in CRC cells, which was at least partially mediated via the targeting of BCL2L1. Furthermore, knockdown of Lin28 decreased viability and promoted apoptosis in CRC cells, whereas this effect was attenuated by let-7c inhibition. The findings of the present study suggest the involvement of the Lin28/let-7c axis in apoptosis during CRC, and indicate the potential role of this pathway as a novel therapeutic target in CRC.
Introduction
Colorectal cancer (CRC) is the second most commonly diagnosed cancer in females and the third in males worldwide, with ~1.4 million new cases and ~700,000 mortalities in 2012 (1) . It is estimated that its incidence will increase by 60% by 2030 (2) . Although various drug treatments, including active chemotherapeutic drugs (e.g. fluoropyrimidines and oxaliplatin) and targeted drugs (e.g. bevacizumab and cetuximab), have been applied to reduce the incidence and mortality of CRC, the efficacy of these drugs in CRC remains limited (3, 4) . Phytochemicals are expected to become a novel option for CRC prevention and treatment (5) . However, cancer is a complex disorder associated with defects in multiple signaling pathways that confer resistance to apoptosis.
Increasing evidence indicates that microRNAs (miRNAs/ miRs) contribute to the initiation and progression of various types of cancer, including liver, lung and colorectal cancers (6, 7) . As one of the first miRNAs to be described, let-7 has been demonstrated to participate in the development of cancer (8) . Furthermore, the RNA-binding protein Lin28 is an emerging oncogenic driver which acts by restraining the biogenesis of let-7 (9). King et al (10) found that Lin28B is increased in CRC patients and promotes the progression and metastasis of CRC. In addition, a recent study by Tu et al (11) demonstrated that the Lin28/let-7 axis promotes invasive intestinal adenocarcinoma in murine models by cooperating with the Wnt pathway. However, the role of the Lin28/let-7 loop in the apoptosis of CRC cells is not well understood.
The primary objective of the present study was to examine whether Lin28/let-7 is involved in the apoptosis of CRC cells and elucidate the underlying molecular mechanisms of this. It was revealed that forced expression of let-7c, or silencing of Lin28, led to reduced cell viability and increased apoptosis in CRC cells, indicating the potential for this loop as a novel therapeutic target for CRC.
Materials and methods
Patient samples. Cancer tissue samples and adjacent normal tissues were obtained from 10 patients (6 male and 4 female; mean age, 55.3±5.7 years) with CRC who underwent surgical resection of primary tumors at the Second Affiliated Hospital of Harbin Medical University (Harbin, China) between 2016 and 2016. The patients did not receive radiotherapy or chemotherapy prior to resection. The specimens were immediately snap-frozen in liquid nitrogen and stored at -80˚C until use.
Silencing Lin28 promotes apoptosis in colorectal cancer cells by upregulating let-7c targeting of antiapoptotic BCL2L1
All procedures were approved by the Ethics Committee for the Use of Human Samples of Harbin Medical University. Written informed consent was obtained from all patients.
Immunohistochemistry and quantification. Formalin-fixed, paraffin-embedded tissue sections (thickness, 5 µm) were treated with xylene followed by a graded alcohol series, and antigen retrieval was performed using 0.01 M citrate buffer. Hydrogen peroxide was used for blocking of endogenous peroxidase activity. Tissue sections were then treated with goat serum for 20 min. Subsequently, antibodies against Lin28 (#sc-293120; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; dilution, 1:100) were incubated with each section at 4˚C overnight. An EliVision™ Plus kit and a DAB kit (both from Beyotime Institute of Biotechnology, Haimen, China) were used to detect the bound primary antibodies. Staining was performed according to manufacturer's protocol. All tumor slides were examined under a light microscope by two independent pathologists. Lin28 signals in the tissues were visually quantified using a scoring system in which the score for the intensity of signal (0, no signal; 1, weak signal; 2, intermediate signal; and 3, strong signal) was multiplied by the score for the percentage of positive cells (0, 0%; 1, <25%; 2, 25-50%; and 3, >50%) to produce an overall score ranging from 0 to 9.
Cell culture and treatments. NCM460 normal human colonic epithelial cells and the human CRC cell lines HCT116 and HT29 were obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences), at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . Cells transfected with siRNAs, let-7c or AMO-let-7c (Shanghai GenePharma, Co., Ltd, Shanghai, China) were collected at 48 h post-transfection for further measurements.
Transfection. Prior to transfection, HCT116 or HT29 cells were grown in 25-cm 2 cell culture flasks with 4 ml medium. The let-7c mimics or AMO-let-7c (let-7c antisense oligonucleotides), or their respective negative controls (NCs), as well as 10 µl Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) were separately mixed with 500 µl of Opti-MEM ® I Reduced Serum Medium (Gibco; Thermo Fisher Scientific, Inc.) for 5 min. Subsequently, the two mixtures were combined and incubated for 20 min at room temperature. The final concentration of miRNAs was 100 µM. The Lipofectamine-miRNA mixtures were then added to the cells, which were incubated at 37˚C for 36 h prior to further experiments. The control cells underwent the same transfection procedures without nucleic acid. The NC for let-7c overexpression was a disordered sequence of let-7c. The transfection protocol for the siRNAs (20 nM) was the same as that for miRNAs. The sequences of the RNAs and controls were as follows: let-7c mimics, 5'-UGA GGU AGU AGG UUG UAU GGUU-3'; AMO-let-7c, 5'-AAC CAU ACA ACC UAC UAC CUCA-3; let-7c NC, 5'-UUC UCC GAA CGU GUC ACG UTT-3' (sense) and 5'-ACG UGA CAC GUU CGG AGA ATT-3' (anti-sense); AMO-NC (NC for AMO-let-7c), 5'-CAG UAC UUU UGU GUA GUA CAA-3'; si-Lin28 #1, 5'-GGA GAC AGG UGC UAC AAC UUU-3'; si-Lin28 #2: 5'-UGA CGU AUC UUG UGC GUU UUU-3'; si-Lin28 #3: 5'-AAA UGU GUC UCA CGG GUU UUU-3'; scrambled siRNA, 5'-UGC GGA UUC UAU CUG UAU-3'.
MTT cell viability assay. HCT116 or HT29 cells were seeded in 96-well culture plates in 200 µl medium with 1x10 4 cells/well, and incubated at 37˚C with 5% CO 2 . Following the transfection of siRNAs or miRNAs, an MTT assay (Amresco, LLC, Solon, OH, USA) was performed. Briefly, 20 µl of MTT solution (5 mg/ml) was added to each well, and the cells were continuously incubated for 4 h. Following removal of cell culture medium, formazan crystals were dissolved in 150 µl DMSO. The optical density (OD) of each wells was measured with a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at 490 nm.
RNA isolation and quantification of Lin28 and let-7c.
Total RNA was extracted from CRC tissue samples or HCT116 or HT29 cells by TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. Total RNA (0.5 µg) was then reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) to obtain cDNA. The temperature protocol was as follows: 25˚C for 10 min, 37˚C for 120 min, 85˚C for 5 min, and hold at 4˚C. The RNA level of Lin28 was determined using a SYBR Green I incorporation method on an ABI 7500 Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), with GAPDH as an internal control. The let-7c level was measured using a mirVana™ qRT PCR miRNA Detection Kit (Ambion; Thermo Fisher Scientific, Inc.), following the method described by Liang et al (12) . The protocol was as follows: 95˚C for 10 min; followed by 40 cycles of 95˚C for 15 sec, 60˚C for 30 sec, and 72˚C for 30 sec. The primers for qPCR were as follows: let-7c forward, 5'-GGG AGA GGT AGT AGG TTG-3'; and let-7c reverse, 5'-TGG AGT CGG CAA TTG CAC-3'; U6 forward, 5'-GCT TCG GCA GCA CAT ATA CTA AAAT-3'; U6 reverse, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'; Lin28 forward, 5'-TCT ACC TCC TCA GCC AAA GA-3'; Lin28 reverse, 5'-TGG GAT TCT GCT TCC TGT CT-3'; GAPDH forward, 5'-GGG GCT CTC TGC TCC TCC CTG-3'; and GAPDH reverse, 5'-CGG CCA AAT CCG TTC ACA CCG-3'. Variations in the expression of let-7c between different RNA samples were calculated after normalization to U6. The data were analyzed using the 2 -ΔΔCq method (13) ; for the cell lines, cells treated with Lipofectamine 2000 only were used as a control group. The experiment was repeated independently five times.
Western blot. For western blot analysis, total protein samples were extracted from HCT116 or HT29 cells. Cells were lysed with radioimmunoprecipitation assay (RIPA)lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). Total protein was quantified using a BCA Assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's protocol. Total protein samples (50 µg) were separated on a 15% SDS-polyacrylamide gel. After electrophoretic transfer of the proteins to a pure nitrocellulose blotting membrane, the blots were blocked with 5% non-fat dry milk (Beyotime Institute of Biotechnology) for 2 h at room temperature, then incubated overnight at 4˚C with rabbit polyclonal antibodies against B-cell lymphoma 2 (Bcl-2) (#3498; Cell Signaling Technology, Inc., Danvers, MA, USA; dilution, 1:800), Bcl-2-associated X protein (Bax) (#14796; Cell Signaling Technology, Inc.; dilution, 1:800), Bcl-2-like 1 (BCL2L1) (#10783-1-AP; ProteinTech, Wuhan, China; dilution, 1:200) and Lin28 (#sc-293120; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; dilution, 1:200), and an anti-GAPDH antibody (#KC-5G4; Kangchen Biotech, Shanghai, China; dilution, 1:2,000), which was used as an internal control. The blots were subsequently incubated with a DyLight 800-conjugated secondary antibody (#5151; Cell Signaling Technology, Inc.; dilution, 1:1,000) for 2 h at room temperature, and bands were detected using an Odyssey Infrared Imaging System and analyzed using Odyssey software v1.2 (Infrared Imaging System LI-COR Biosciences). The bands were quantified by measuring the band intensity for each group.
Caspase-3 activity assay. HCT116 and HT29 cells were lysed in 50 µl of ice-cold RIPA lysis buffer for 30 min. The caspase-3 activity assay kit was obtained from the Beyotime Institute of Biotechnology. The lysates were centrifuged at 16,000 x g for 15 min at 4˚C. The fluorogenic substrates for caspase-3 were labeled with the p-nitroaniline (pNA). The enzyme activity was determined by monitoring the fluorescence produced by free pNA using a spectrofluorophotometer (RF-5301 PC; Shimadzu Corporation, Kyoto, Japan) at 405 nm. Caspase-3 activity was expressed as micromoles of pNA liberated per minute per microgram of protein, following determination of total protein concentration using a BCA Assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's protocol.
Luciferase reporter assays. The TargetScan database (http:// www.targetscan.org/vert_71/) was utilized to determine the direct target of let-7c. The BCL2L1 3'-UTR containing the conserved let-7c-binding sites was synthesized by Invitrogen and subcloned using the SacI and HindIII sites downstream of the luciferase gene in a pMIR-REPORT Luciferase vector (Promega Corporation, Madison, WI, USA). The luciferase vector (100 ng) containing the 3'-UTR was cotransfected with let-7c mimics into HEK 293 cells using Lipofectamine 2000. As an internal control, 10 ng of Renilla luciferase reporters were also included. At 36 h after transfection, the cells were collected and dual luciferase activities were measured by a luminometer (Promega Corporation) according to the manufacturer's instructions.
Statistical analysis. All data are presented as the mean ± standard error of the mean. A Student's t-test was used for two-group comparisons, and a one-way ANOVA followed by a Bonferroni test for multiple comparisons was used for comparisons between three or more groups. Two-tailed P<0.05 was considered to indicate a statistically significant difference.
Results

Dysregulation of the Lin28/let-7 axis in patients with CRC
and in CRC cells. To investigate whether the Lin28/let-7 axis participates in the process of CRC, immunohistochemistry, RT-qPCR and western blot analyses were used to detect the levels of Lin28/let-7 in patient-derived CRC tissues and in CRC cells. Immunohistochemistry revealed that Lin28, which was mainly located in the cytoplasm of the cells, was overexpressed in CRC tissues compared with adjacent normal colorectal tissues (7.22±0.94 vs 2.11±0.61, P<0.05; Fig. 1A ). In addition, as shown in Fig. 1B and C, the expression of Lin28 was significantly increased at the mRNA and protein levels in the CRC samples. In accord with the data from patients, the mRNA and protein levels of Lin28 were revealed to be markedly increased in CRC cells compared with NCM460 normal colonic epithelial cells ( Fig. 1D and E) . Furthermore, as a downstream factor of Lin28, the expression of let-7c was markedly decreased in the CRC patient tissues and in CRC cells compared with the respective normal controls (Fig. 1F and G). These results suggest that the dysregulation of the Lin28/let-7c axis may contribute to the process of CRC.
Forced expression of let-7c induces apoptosis in cultured CRC cells.
To determine the role of let-7c in the process of CRC, let-7c miRNA mimics were transfected into CRC cells ( Fig. 2A) . As shown in Fig. 2B , cell viability was decreased in HCT116 and HT29 cells following let-7c mimic transfection. In addition, overexpression of let-7c led to activation of caspase-3 activity in HCT116 and HT29 cells (Fig. 2C) . Furthermore, western blot analysis revealed altered Bcl-2 and Bax protein levels in let-7c mimic-transfected CRC cells (Fig. 2D) . These results suggest that enhanced expression of let-7c could induce apoptosis in CRC cells.
Let-7c regulates BCL2L1 in a post-transcriptional manner.
TargetScan, an online miRNA target prediction database, was employed to determine the direct target of let-7c. As depicted in Fig. 3A , let-7c has seed sequence complementary with the binding site in the 3' untranslated region (UTR) of BCL2L1, an antiapoptotic factor. A luciferase assay showed that co-transfection of let-7c mimics with a luciferase reporter vector carrying a portion of the wild-type human BCL2L1 3'UTR led to a significant decrease in luciferase activities compared with transfection with the luciferase vector alone (control group), whereas transfection with the NC had no significant effect (Fig. 3B) . Furthermore, overexpression of let-7c had no effect on the mRNA level of BCL2L1 (Fig. 3C) . By contrast, forced expression of let-7c markedly decreased the protein level of BCL2L1 in CRC cells compared with the untransfected control group (Fig. 3D and E) . These results indicated that BCL2L1 is a direct target of let-7c, and that let-7c regulates BCL2L1 in a post-transcriptional manner. Silencing of Lin28 promotes apoptosis via upregulating let-7c in CRC cells. As a well-known RNA-binding protein, Lin28 has been demonstrated to participate in various disease processes, including cancer and lung fibrosis, by inhibiting the biogenesis of let-7 (13, 14) . In addition, Lin28 also contributes to the initiation and invasion of CRC (10) . Therefore, we hypothesized that silencing of Lin28 may promote apoptosis in CRC by upregulating let-7c. To address this, siRNAs were transfected into cells to inhibit the expression of Lin28 (Fig. 4A) , revealing that silencing of Lin28 increased the expression of let-7c in CRC cells (Fig. 4B) . Furthermore, silencing of Lin28 decreased CRC cell viability, whereas inhibition of let-7c attenuated this effect (Fig. 4C and D) . Further experiments showed that silencing Lin28 promoted apoptosis in CRC cells, as determined by measuring the activation of caspase-3 ( Fig. 4E and F) and the dysregulation of Bcl-2 and Bax protein ( Fig. 4G and H) . Knockdown of let-7c mitigated the proapoptotic effect of Lin28 inhibition (Fig. 4E-H) . These findings suggest that silencing of Lin28 induced apoptosis in CRC cells by upregulating let-7c.
Discussion
In the present study, it was demonstrated that Lin28 was upregulated and let-7c was downregulated in CRC tissues and cell lines. The forced expression of let-7c resulted in decreased cell viability and promoted apoptosis in CRC cells. Furthermore, it was demonstrated that BCL2L1 is a direct target of let-7c and may act to mediate its proapoptotic effect. Additionally, silencing of Lin28 decreased viability and promoted apoptosis in CRC cells, whereas the knockdown of let-7c attenuated the proapoptotic action of Lin28 inhibition. Taken together, the findings demonstrate the dysregulation of the Lin28/let-7c axis in the progression of CRC, and indicated that silencing of Lin28 can promote apoptosis in CRC, which is mediated, at least in part, by increasing the expression of let-7c. Therefore, targeting Lin28/let-7c could be a novel strategy for the treatment of CRC.
Increasing numbers of studies have provided strong evidence that miRNAs contribute to various diseases, including cancer, cardiovascular diseases and diabetes (15) (16) (17) . As the earliest miRNA to be discovered, let-7 is crucial in the progress of numerous diseases, particularly in various types of cancer (8, 18, 19) . A study by Trang et al (20) demonstrated that loss of let-7 function enhanced lung tumor formation in vivo, whereas forced expression of let-7 significantly decreased the tumor burden in mice, indicating the inhibitory function of let-7 in cancer. Xia et al (21) found that low expression of let-7 may be a biomarker predicting poor prognosis in patients with various cancers, particularly lung cancer. In addition, Ghanbari et al (22) suggested that underexpressed let-7a-5p and let-7f-5p in plasma and stool samples from patients could serve as potential biomarkers for the early detection of CRC.
Han et al (23) reported that let-7c inhibited the metastasis of CRC through the regulation of matrix metalloproteinase-11 and PBX homeobox 3. However, the underlying molecular mechanisms of let-7 in apoptosis, particularly during cancer, are not well understood, despite several studies reporting on the effect of let-7 on apoptosis (24, 25) . In the present study, the results further confirmed the proapoptotic action of let-7c by demonstrating the ability of let-7c to induce apoptosis in CRC cells through repressing the expression of BCL2L1; to the best of our knowledge, this is the first report of such findings. The results suggest that let-7c may be used for the treatment of CRC.
Bcl-2 family proteins serve critical roles in the regulation of the intrinsic apoptosis pathway. The activation of Bax, a key member of the Bcl-2 family, is able to promote cytochrome c release and mitochondrial fission, which leads to apoptosome formation and caspase-3 activation, in turn promoting apoptosis (26) . It has been reported that BCL2L1 is able to stabilize the mitochondrial localization of Bax while maintaining it in an inactive state (27) . We speculate that the overexpression of let-7c results in the activation of Bax by targeting BCL2L2, and which increases cytochrome c release and promotes apoptosis in CRC. A number of studies have demonstrated that the biogenesis of let-7 is tightly controlled by Lin28, which, conversely, is a direct target of let-7 (28, 29) . Certain reports have demonstrated that the Lin28/let-7 loop influences numerous biological processes, including proliferation, differentiation, stem cell regeneration and cell aging (11, 30) . In a recent study, Chien et al (31) revealed that Lin28/let-7 promoted the transformation of oral squamous cell carcinoma cells into cancer stem-like cells by regulating Oct4/Sox2 via modulation of AT-rich interaction domain 3B and high mobility group AT-hook 2. Other studies showed that Lin28/let-7 promoted cancer progression and metastasis via regulating epithelial-mesenchymal transition (EMT) (32,33): Liu et al (32) demonstrated that Lin28 may induce EMT via downregulation of let-7a in breast cancer cells; and Fu et al (33) reported that miR-26a suppresses tumor growth and metastasis by targeting Lin28B/let-7. Consistent with this result, a recent study by Liang et al (12) demonstrated that miR-26a inhibits lung fibrosis by repressing EMT via disrupting the Lin28B/let-7d axis. However, the role of the Lin28/let-7 axis in the process of apoptosis has not been well established.
In summary, the present study demonstrated dysregulation of the Lin28/let-7c axis in CRC patients, and further confirmed that inhibiting this axis promoted apoptosis in CRC cells by suppressing BCL2L1 through increasing the expression of let-7c. Therefore, this axis may be a novel therapeutic target for the treatment of patients with CRC. Notably, Roos et al (34) identified that N-methyl-N-[3-(3-methyl [1, 2, 4] triazolo [4,3-b] pyridazin-6-yl)phenyl]acetamide, which blocks the Lin28/let-7 interaction, rescued let-7 processing and function, and induced differentiation of mouse embryonic stem cells, eventually reducing tumor-sphere formation in 22Rv1 human prostate carcinoma and Huh7 human hepatocellular carcinoma cells. These findings may represent a new direction for the treatment of CRC. More studies must be performed to further explore small-molecule inhibitors of Lin28 and evaluate their therapeutic potential in CRC.
